Introduction
[2] Stable deuterium (D) and oxygen-18 ( 18 O) isotopes in precipitation are useful in the detection of water vapor origins [Celle-Jeanton et al., 2004; Iqbal, 2008] , groundwater recharge [Tsujimura et al., 2007a] , and interactions between surface water and groundwater [Singleton et al., 2005; Song et al., 2006] . A systematic investigation of precipitation stable isotopes is a prerequisite of such applications, as precipitation is the most important input to hydrologic systems and one of the major factors of the climate system [Harvey and Welker, 2000] . In order to obtain systematic and continuous stable isotopic data on a global scale, in 1961 the International Atomic Energy Agency (IAEA) and the World Meteorological Organization (WMO) jointly launched the Global Network of Isotopes in Precipitation (GNIP). Dansgaard [1964] gave a first review of the GNIP data, relating the observed precipitation isotope composition to a number of environmental parameters (such as surface air temperature, precipitation amount, latitude, altitude, and distance to the coast). A series of subsequent studies [e.g., Yurtsever and Gat, 1981; Rozanski et al., 1993; Araguás-Araguás et al., 2000] generally confirmed these empirical findings. Currently, the GNIP project has been expanded from about 100 stations in 44 countries to over 800 stations in 102 countries. Some countries incorporate multiple stations to form a national network of isotopes in precipitation [e.g., Welker, 2000; Kralik et al., 2003; Schürch et al., 2003; Liu et al., 2010; P. Fritz et al., Isotopic composition of precipitation and groundwater in Canada, paper presented at International Symposium, Int. At. Energy Agency, Vienna, 1987] . The data collected have been widely used in a diverse range of hydrological and meteorological studies. Several USA studies have investigated isotopic variations in water including precipitation [e.g., Welker, 2000; Harvey and Welker, 2000; Iqbal, 2008] , surface water [Kendall and Coplen, 2001; Gosselin et al., 1997; Lachniet and Patterson, 2009] , and soil water [Robertson and Gazis, 2006] . In China, seasonal variation of precipitation 18 O over the Eastern Monsoon Region [Posmentier et al., 2004] has been related to the advance and retreat of the monsoon, rainfall belt transfer, and variation in typhoon and tropical storm paths [Liu et al., 2008 . In Mongolia, analyses of 18 O and D content in atmospheric moisture [Tsujimura et al., 2007b] and precipitation has been used to characterize atmosphere-hydrosphere-biosphere interactions . An isotopic transport model has also been developed for identification of water sources [Sato et al., 2007] .
[3] In Australia, Treble et al. [2005] examined the relationship between synoptic patterns and precipitation 18 using a 5-year daily event data set from Tasmania, southern Australia. Their results indicated that 18 O varies inversely with precipitation amount and has only a weak relationship with site surface temperature. Barras and Simmonds [2008] investigated an event-based record of precipitation 18 O at Margate in Tasmania by analyzing 3d Lagrangian trajectories and composites of ERA40 850hPa geopotential height for the years [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] . Trajectory analysis found that moisture entrainment occurs during the 48 h period prior to arrival for all precipitating air masses. Such studies capture information on day-to-day synoptic variation that is not present in monthly samples.
[4] Comprehensive analysis of long-term records of precipitation isotopes across Australia has not been reported in the literature, while Australia is an important source palaeoclimate records for the Southern Hemisphere. Analyses of Australian isotope data will assist in better understanding the fractionation mechanisms influencing low-latitude and midlatitude coastal regions. Furthermore, after nearly 4 decades of data collection, it is of interest to verify whether the physical mechanisms of isotope fractionation of Dansgaard's [1964] early findings are consistent with Australian GNIP stations. The objectives of the present study are therefore (1) determine characteristics of stable isotopic composition in precipitation and their spatial evolution across Australia; (2) identify the major environmental controls on 18 O based on statistical and wavelet analysis; and (3) describe deuterium excess (briefly, called d hereafter) patterns for different rainfall zones and investigate implications of local circulation influence. Results of this study can be used for reference in ongoing related isotopic investigations, especially in the Southern Hemisphere.
Data and Methods

Stable Isotope and Meteorological Data
[5] Nine GNIP stations are distributed across Australia (Figure 1 ), representing four major climate zones [Stern et al., 2000] O ratio, and the standard refers to the Vienna Standard Mean Ocean Water (V-SMOW).
[7] Missing monthly temperature, precipitation amount, and vapor pressure data for these stations are replaced by values from the Australia high-quality data set identified by Lavery et al. [1992] . These stations have passed several criteria and form the most reliable data set available for examining rainfall characteristics in Australia [Lavery et al., 1992; Fu et al., 2010a] .
[8] Weighted d-values (d p ) are averaged by monthly precipitation amount, using the equation: [Fu et al., 2009] . The monthly SOI data set is available from NOAA (http://www. cdc.noaa.gov/data/climateindices/list/).
Wavelet Coherence Analysis
[10] The wavelet coherence (WTC) analysis method is used to diagnose correlations between d
18 O and meteorological parameters, such as temperature, precipitation amount, and SOI, in order to examine how precipitation d
18
O reflects these signals in both time and frequency domains. The WTC is the local correlation between two signals [Torrence and Compo, 1998; Torrence and Webster, 1999; Grinsted et al., 2004] , and is especially useful in highlighting the time and frequency intervals where two phenomena have an interaction [e.g., Casty et al., 2007; Zhou and Chan, 2007; Mendoza et al., 2007; Rong et al., 2007] . WTC is defined as
where S is a smoothing operator. The WTC are calculated by two CWTs (continuous wavelet transforms). Here x n (x n , n = 1, …, N) is a time series with equal time spacing d t , and the CWT of x n is defined as
where s is the scale factor. We use the Morlet wavelet as it provides a good balance between time and frequency localization, and it has been used and verified in previous hydrometeorological studies in Australia [Nakken, 1999; Kirkup et al., 2001; Chowdhury, 2008, 2009; Chowdhury and Beecham, 2010] . It is defined as
where w 0 is dimensionless frequency and h is dimensionless time. The statistical significance level of the wavelet coherence against red noise backgrounds is estimated using Monte Carlo methods as described by Torrence and Compo [1998] . [Dansgaard, 1964] 1962-2002 1962-2002 1962-1987 1962-1986 1962-1998 1979-2002 1962- show relatively small variations, which implies that precipitation of islands and coastal areas has d values close to those of the ocean. These values usually represent the first condensate from the undisturbed marine moisture [Araguás-Araguás et al., 2000] . The isotopic evolution reveals a depleting trend inland from the coast (the continental effect) and from west to east, in accordance with the predominant storm tracks experienced by southern Australia.
Results and Discussion
[12] The relationship between precipitation dD and d 18 O is controlled primarily by condensation processes related to Rayleigh distillation, as the values are generally along the Global Meteoric Water Line (GMWL) [Craig, 1961] . Regression between dD and d 18 O from all Australian stations is established as dD = 7.10d
18 O + 8.21(R 2 = 0.917, n = 1532).
O relation is a useful means for studying the local isotope turnover and its relationships with larger patterns on the global scale [Dansgaard, 1964] . For more details, slopes for each individual station are also determined ( Table 2) . Slopes of 7.6 and 7.5 for tropical Darwin and subtropical Brisbane stations, respectively, are close to the global average level of 8. This represents the first stage of the condensation of the ocean vapor, as the simple Rayleigh condensation process under equilibrium conditions gives 7.5 as the lowest slope for a temperature range of 20 > t > −20°C. If the vapor composition deviates from the equilibrium composition to a degree, the first stage of equilibrium condensation should produce a relationship with a slope <8 [Dansgaard, 1964] . Melbourne and Adelaide have similar slopes around 7. As for Melbourne, most of the values are close to the LMWL except those for autumn rain, which are rather scattered. Variation due solely to precipitation amount cannot explain this phenomenon, as it is distributed uniformly throughout the year. Dots in the dashed circle in Figure 18 O precipitation relationships, based on seven stations monthly data. The GMWL is also given for reference (gray dashed line). Dots in the dashed circle are mainly from Alice Springs. at Darwin, which is mainly induced by evaporation of falling droplets during fall in a dry atmosphere [e.g., Salati et al., 1979; Rozanski et al., 1993] . For Cape Grim, all samples are relatively close together rather than distributed along the line. Tasmania is an ocean exposed midlatitude environment, where precipitating air masses have little interaction with land or high topography from source region to site [Barras and Simmonds, 2008] . Therefore the close clustering of values generally reflect that the precipitation is the first condensate of the accumulated moisture [Gat, 2005] . For Perth, dots are also relatively close together indicating the site's exposure to the ocean to the west. A slope of 6.3 with most of the values for summer precipitation distributing below the LMWL can be mainly ascribed to the fast evaporation from falling drops due to the predominantly dry atmosphere.
[13] Comparisons are also made here (Table 2) to detect whether slopes of LMWL obtained using the present longterm data (case 2) are consistent with Dansgaard's early survey (case 1). For Melbourne, there seems very little difference in slopes between the two time series data, which probably due to the calculation for case 1 including all monthly data throughout the year. However, slopes for other stations in case 2 have deviations from those for case 1. At Alice Springs and Perth, lower slopes (case 1) can be due to the exclusion of April (and September) and January, respectively, when the d values are high. Calculations excluding July and January for Brisbane and Adelaide, respectively, dry months with depleted d values (case 1), lead to higher slopes. Furthermore, the slope of 7.6 for Darwin (case 2) is much higher than case 1 (3.5 ± 1). This is probably because the case 1 calculation missed the enriched d values during May to October, when it is the driest season. The data set employed by Dansgaard is only for 1962, when Adelaide, Alice Springs, and Brisbane had a precipitation amount deficit compared to their 1962-2008 averages. As only 1 year of isotope record may not always properly reflect average conditions at a given station [Rozanski et al., 1993] , we therefore consider the present study to be more representative of the stable isotope compositions in Australian precipitation. Dansgaard [1964] , the dependencies of isotope ratios in precipitation upon local temperature and precipitable water content were considered to be of greatest significance. Dependence of the isotope on local temperature or precipitable water content was determined to be the overriding parameters. The extrapolation of the isotope temperature relationship is most straightforward at higher latitudes, while for oceanic islands and coastal areas, where seasonal variations of temperature are minimal, precipitation amounts from severe convective conditions influences isotopic patterns [Sonntag et al., 1983; Fricke and O'Neil, 1999] . A more explicit understanding of the d 18 O relationship with temperature and precipitation for Australian sites will provide a better understanding of climatic controls at low-latitudinal and midlatitudinal coastal regions in the Southern Hemisphere.
Correlations Between
[15] Linear correlations of d/T and d/P (using raw data sets) are presented in Table 3 . Both of the d/T and d/P relationships are evident when all the Australian sites are considered together. For each site, d
18 O appears strongly related to the inverse of high precipitation amounts (Figures 3 and 7) , that is, high precipitation amount generally deliver depleted d 18 O and vice versa. In comparison, the d/T relationship appears weaker, which may be due to strong convective processes dominating over temperature, as most of the stations are located along the coast. An additional semiannual component in d
18
O is evident for Darwin (Figure 3a) , which reflects two peaks per year in temperature at near-equatorial tropical locations. The correlations of d/T and d/P achieved here are generally consistent with those of the former survey for Australia [Dansgaard, 1964] .
[16] In order to detect whether these d/T and d/P relationships are produced by the seasonal cycle, linear correlations with d/T and d/P are determined using deseasonalized data (Table 3) 18 O and temperature and precipitation amount is independent of seasonality. Moreover, the correlation increases for d/T and decreases for d/P for Darwin and Alice Springs and decrease for d/T and increases for d/P for Brisbane and Melbourne, indicates d
18 O seasonal cycles that are dependent on precipitation amount and temperature, respectively. At Darwin, a low-latitudinal tropical station, DT is only 4.6°C but the DP is high (Table 1) , which indicates the occurrence of periods with very sparse precipitation resulting in d 18 O precipitation dependence. At the midlatitude stations Brisbane and Melbourne, a lack of distinct wet and dry seasons or more uniform distribution of the precipitation throughout the year may be responsible for the low d/P correlation and [Edwards, 1993; Von Grafenstein et al., 1996] . The lack of a significant relationship (at the 0.05 level) for stations where d
O is positively correlated with T (discussed in section 3.2.1) indicates that simple linear techniques are not adequate for interpretation of d
18 O [Lawrence and White, 1992; Gat and Matsui, 1991; Aggarwal et al., 2004 Aggarwal et al., , 2005 Villacís et al., 2008; Bowen, 2008] . In order to explore more complicated relationships, in addition to temperature (T) and precipitation amount (P), other commonly observed meteorological variables [Lavery et al., 1992] , vapor pressure (Vp), solar radiation (R), and evaporation (E) are investigated.
[18] Stepwise regression is used to select subsets of predictor variables that significantly affect precipitation d
O. A regression model that predicts a dependent variable as a function of several independent variables is of the general form:
where ŷ is the predicted dependent variable (d 18 O), b 0 is the intercept, b 1 to b p are the regression coefficients, and x 1 to x p are the independent variables. Before determining regression models, several potential partial correlations, including linear, logarithmic, power, quadratic, and exponential, between d
18 O and each meteorological variable are investigated. Results show that the quadratic (most often) and logarithmic correlations (sometimes) best describe the relationship. Therefore nonlinear stepwise regressions using quadratic and logarithmic functions of the independent variables are adopted. A 0.05 or 0.1 significant level is used (F-distribution probability theory) for selecting variables.
[19] Results of the stepwise regressions are shown in Table 4 Air masses lose water when they move from tropical to middle to high latitudes ("latitude effect"), from ocean to inland ("continental effect"), or from lower to higher elevation ("altitude effect"), resulting in the continuous depletion of heavy isotopes in precipitation [e.g., Dansgaard, 1964; Rozanski et al., 1993; Gat, 2005] . The GNIP stations in Australia are located at altitudes ranging from less than 100 m along the coastline to 546 m in the central continent (Alice Springs). Each station's unique geographic situation means different climatic effects induce diverse isotopic compositions. The latitude, longitude, and altitude of each station are used to investigate the geographical controls on d 
WTC Analysis of d/T and d/P
[21] The apparent link between local surface air temperature and precipitation amount and precipitation isotopes have attracted much attention since the very beginning of isotope studies [e.g., Dansgaard, 1964; Merlivat and Jouzel, 1979; Yurtsever and Gat, 1981] . This interest was stimulated mainly by the potential importance of isotopes as palaeoclimatic indicators. In Australia, reconstructions of past climatic variations have been made from interpretations of isotope records preserved in stalagmites [e.g., Xia et al., 2001; Fischer and Treble, 2008] .
[22] Partly because the length of the analyzed records was rather short for early studies, temperature and amount effects were usually expressed as linear correlations with precipitation d
18 O [e.g., Dansgaard, 1964; Yurtsever and Gat, 1981] . Now, much longer records of isotope and meteorological data are available for a number of GNIP stations, in several cases more than four decades, a time scale comparable with the dominant cycles of natural climatic variability. Therefore it is of interest to investigate the long-term trend characteristics of these records. Wavelet analysis has 
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been found useful in previous hydrometrological studies in Australia with respect to long-term data series Chowdhury, 2008, 2009; Chowdhury and Beecham, 2010; Fu et al., 2010b] , producing understanding that cannot be achieved using simple linear correlations analysis.
[23] The WTC is a useful method to diagnose correlations between two signals, especially for highlighting the time and frequency intervals where two phenomena have a strong interaction [Girardin et al., 2006; Valdés-Galicia and Velasco, 2008] . Figures 4 and 5 show squared wavelet [Grinsted et al., 2004] . The thick black contour designates a = 5% significance level against red noise. The cone of influence where edge effects might distort the picture is shown as a lighter shade. The X axis corresponds to the physical time and Y axis corresponds to periodicity scales in months.
[24] At the annual scale, there are broad bands of significance across the whole observation period, indicating a dominant 12-month periodicity (Figure 4) . However, instead of the positive linear relations with the arrows pointing straight right (in phase, positive linear correlation in d/T), the arrows are generally pointing to −45°or −90°(out of (Figure 5a ). Nearly down pointing arrows at the 12-month scale (annual periodicity) behave as lags of 1/4l between the two and indicate a nonlinear correlation. At Brisbane, substantial discontinuity in the 12-month coefficient band is probably because the covariations between d
18 O and temperature signals are not constant. In the intervals of 1973-1983, 1986-1990, and 1998-2002 , negative or positive, lags or leads of 1/4l or 1/8l correlation alternate without a regular pattern (Figure 5b ).
[26] Beyond the seasonal cycle (12-month periodicity), interannual scales (around 32-month at Melbourne, Alice Springs after 1970s and Perth after 1990s; 64-month at Perth, Brisbane after 1990s, and Cape Grim before 1990s) and interdecadal (128-month at Melbourne) periodicity elements are also captured. These correlation peaks may be due to the influence of larger ocean-atmosphere teleconnections, such as El Niño-Southern Oscillation (ENSO), discussed below. Shifts in the climatic indices usually have profound effects on temperature and precipitation on a global scale by way of changes in synoptic weather patterns [Hurrell, 1995] .
[27] Similar covariability is seen for the WTC between d
18 O and precipitation amount ( Figure 6 ). The pointing down or up arrows at the annual scale at Brisbane, Alice Springs, and Perth suggest a lag of 1/4l in the d 18 O precipitation covariations. This may also account for the nonlinear precipitation amount regressions at Darwin (quadratic) and Melbourne (logarithmic) presented earlier.
Patterns of d Excess
[28] The d excess is defined as d = dD-8 × d 18 O, which is a measure of the deviation of the given data point from a line with slope of 8. Table 1 shows that all of the d values are greater than the original equilibrium value of 10‰. The present-day GNIP data set for Darwin has a mean d value of less than 10‰, which is different to that reported from the 1 year data set by Dansgaard [1964] .
[29] The Australian station's seasonal d values are generally higher during winter and lower during summer. The lower d in the Southern Hemisphere summer corresponds to higher relative humidity related to the higher sea surface temperature (SST) of the oceanic source regions of the air masses concerned. During winter, the relative humidity of the oceanic source regions is lower, giving rise to higher d values [Jouzel et al., 1997] . There are basically four different types of d in Australian GNIP stations (Figure 7) , which correspond to four major seasonal rainfall zones (low rainfall zones, uniform rainfall, summer rainfall, and winter rainfall). Type one has very low rainfall in every month and the largest d fluctuation, such as Alice Springs. Type two has a relatively uniform distribution of rainfall and small variation in d, such as Adelaide, Melbourne, and Brisbane. Type three has a high d in dry seasons, such as Darwin, where the summer rainfall dominates. Type four has a low d in dry seasons where winter rainfall dominates, such as Perth and Cape Grim.
[30] At Alice Springs, the lowest d occurs in spring rather than summer. Winter is the driest season with less than 20 mm precipitation per month. With the onset of spring, although there is an increase in precipitation, the atmosphere beneath the cloud base is still dry and far from saturated, so evaporation occurs during the fall of the rain droplets resulting in enrichment of the d values and reduction of d of the residual rainwater. This evaporation effect gradually weakens as the rain season progresses (December to March), with d steadily rising.
[31] At Melbourne, Adelaide, and Brisbane, similar small variations in temperature and precipitation result in small fluctuations in d. Small seasonal fluctuations of d are often observed in temperate climate zones, attributable to varying conditions in the source areas [Araguás-Araguás et al., 2000] . The higher d in Brisbane is more likely to be due to the dominance of convective rainfall, where rain in Melbourne is more likely to be stratiform in nature, with lower d [Barras and Simmonds, 2009] .
[32] At Darwin, the unique double peak in d pattern is a reflection of the semiannual peak in surface temperature in such tropical regions. The rise in d (Figure 3 ) and fall in d also indicates the enrichment of the heavy isotopes from the evaporation of falling droplets for small precipitation amounts during extremely dry periods. The d values are less variable during the wet season (December to March).
[33] For Cape Grim and Perth, the high d values in the wet winter are due to directly exposure to the southern ocean [Barras and Simmonds, 2008] and the ocean to the west, respectively. The higher values for Perth are mainly attributed to its unique hot and dry summers and wet winter climate. Relatively low d values after the rainy season are associated with fast evaporation of raindrops.
[34] These distinctive seasonal variations in the d values in different regions of Australia may also be used to determine whether plants are using winter or summer precipitation during growth periods [Dodd et al., 1998; Alstad et al., 1999] .
Impacts of ENSO on d
18 O
[35] Australian rainfall exhibits a high degree of spatial and temporal variability. Knowledge and understanding of rainfall variability and its influencing factors are important for managing water resources [Chowdhury and Beecham, 2010; Kirono et al., 2010; Fu et al., 2010b] . Among many factors influencing Australian climate variability, including ENSO, the Pacific and Indian Ocean SST, the subtropical ridge, the Southern Annular Mode (SAM), and the MaddenJulian Oscillation (MJO) [McBride and Nicholls, 1983; Nicholls and Wong, 1990; Smith et al., 2000; Drosdowsky, 2005; Donald et al., 2006; Hendon et al., 2007; Meneghini et al., 2007] , ENSO has been found to have the greatest influence [Chowdhury and Beecham, 2010] . The association between ENSO and rainfall might be an inherent signal in isotope given that they vary with temperature and precipitation amount. Furthermore, the ENSO is associated oscillations between higher or lower SSTs in the central and eastern tropical Pacific Ocean and weaker or stronger Pacific trade winds [Ropelewski and Jones, 1987] . Changes of SSTs and trade wind strength would certainly influence evaporation conditions, water vapor transport and condensation, leading to fractionation of the isotopes in precipitation [Lachniet, 2009] .
[36] The SOI, an index of El Niño and La Niña episodes, is used here to represent ENSO. Figure 8 illustrates relationships between precipitation d 18 O and SOI, both in time and frequency domains, using WTC. Compared with the WTC between SOI and precipitation amount (not shown), d/SOI produces broader or stronger significance relationships, which may be because the formation of precipitation is an episodic phenomenon, limited in time and space, where the precipitation isotopic composition reflects the overall status of the water vapor reservoir at the time of precipitation formation [Rozanski, 2005] . The very strong El Niño events of 1982-1983 and 1997-1998 producing widespread drought conditions are detectable in the isotopic records. At the 12-month periodicity, significant centers for Brisbane and Melbourne reflect the pronounced precipitation reductions in eastern and southern Australia during 1982 Australia during -1983 . Significant centers at Cape Grim and Perth also reflect the below average precipitation across Tasmania and southwest of Western Australia.
[ .
[38] Negative linear relationships are seen for Brisbane, Alice Springs, Darwin, and Melbourne before 1977 (arrows pointing to the left) reflecting relatively higher or lower d 18 O corresponding to El Niño and La Niña episodes, respectively. In general, the El Niño and La Niña events bring below normal and above normal precipitation in the eastern and northern parts of Australia, respectively [Suppiah, 2004] 
Summary and Conclusions
[40] Major characteristics of stable deuterium and oxygen-18 isotopes in precipitation at seven GNIP stations across Australia have been analyzed. Main conclusions are summarized as follows:
[41] 1. The isotopic evolution revealed that d values deplete from north and south to central and from west to east Australia. On the basis of 1532 groups of dD and d
18
O, the LMWL is dD = 7.10d
18 O + 8.21, a reference for the origins of surface water or groundwater that can be used in future studies. Deviations of slopes from Dansgaard's earlier study could be ascribed to the much longer and more representative data sets employed here.
[42] 2. Periodicities and correlations explored by using wavelet coherence method (WTC) in both time and frequency domains indicated lags of 1/8l or 1/4l in the variations in d/T or d/P. This supports the quadratic and regression models and correlations used to describe the d/T or d/P relationships rather than linear models. The influence of large-scale ocean-atmosphere periodicities is also seen as interannual (32-, 64-month) and interdecadal (128-month) periodicity elements.
[43] 3. Climatic controls on d 18 O were identified using a nonlinear stepwise regression method. [46] 6. The WTC between d 18 O and SOI confirmed the decreasing influence of ENSO on precipitation from east and north to west across Australia.
[47] Since precipitation is a dominant component of the hydrological cycle, results of this study could be useful references for the ongoing investigations of isotope applications, such as quantifying regional groundwater recharge, modeling surface water and groundwater interactions, reconstructing historical records, and verifying and validating of general circulation models at low-latitudinal and midlatitudinal coastal regions in the Southern Hemisphere. However, limitations also exist in the present study. The meteorological controls on d
18 O detection are only based on the most routinely observed surface meteorological variables. However, middle and upper atmosphere parameters may be better predictors of isotope content in precipitation, as they both influence the condensation process of the precipitation formation and raindrop decent. The discussion of d excess is mainly focused on local circulation influence, although the meteorological conditions over water sources during the evaporation process are also important as the d excess of moisture within an air mass is primarily determined during evaporation at the moisture source [Craig and Gordon, 1965; Merlivat and Jouzel, 1979; Pfahl and Wernli, 2008] and is preserved in the water vapor trajectories. Finally, the confirmed signal in d
18 O of the ENSO influence across different regions of Australia in both time and frequency domains is just the first step toward the association of stable isotope signals with the large-scale ocean-atmosphere system variability. The consistency with the published knowledge relating ENSO and Australian precipitation, though, provides robust interpretations of climate dynamical controls on precipitation in terms of ENSO, with more physical mechanisms remaining to be explored. Ongoing research is addressing these limitations, to be published in a further study.
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